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Nano catalystAbstract Environmental pollution by heavy metal is arising as the most endangering tasks to both
water sources and atmosphere quality today. The treatment of heavy metals is of special concern
due to their recalcitrance and persistence in the environment. To limit the spread of the heavy met-
als within water sources, nickel oxide nanoparticles adsorbents were synthesized and characterized
with the aim of removal of one of the aggressive heavy elements, namely; lead ions. Nano nickel
oxide adsorbents were prepared using NaOH and oxalic acid dissolved in ethanol as precursors.
The results indicated that adsorption capacity of Pb(II) ion by NiO-org catalyst is favored than that
prepared using NaOH as a precipitant. Nickel oxide nanoparticles prepared by the two methods
were characterized structurally and chemically through XRD, DTA, TGA, BET and FT-IR.
Afﬁnity and efﬁciency sorption parameters of the solid nano NiO particles, such as; contact time,
initial concentration of lead ions and the dosage of NiO nano catalyst and competitive adsorption
behaviors were studied. The results showed that the ﬁrst-order reaction law ﬁt the reduction of lead
ion, also showed good linear relationship with a correlation coefﬁcient (R2) larger than 0.9.
ª 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of Egyptian Petroleum Research
Institute. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
Revelation to heavy metals, even at trace levels, is harmful to
human beings [1–4]. Thus, removal of undesirable metals from
water sources is considered as an important task that is stillthreatening the environment. As the tolerable limit of lead in
drinking water is 0.05 mg 11 [5], the presence of excess lead
ions in drinking water causes severe diseases such as anemia,
encephalopathy, and hepatitis. Lead ions are characterized
by an eager afﬁnity towards ligands containing thiol and phos-
phate groups that inhibit, in turn, the biosynthesis of heme,
causing physiological damage to both the kidney and liver;
similar to that of calcium. However, Pb can remain immobi-
lized and retarded for long periods and hence it’s after effects
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bolic disorders, it causes, but after a lag time.
Numerous methods are reported as efﬁcient for the removal
of heavy metal ions from water sources, including chemical
precipitation, ion exchange, adsorption, membrane ﬁltration
and electrochemical technologies [6–11]. Among these tech-
niques, adsorption offers ﬂexibility in design and operation
and, in many cases it generates high-quality treated efﬂuents.
In addition, owing to the reversible nature of most adsorption
processes, adsorbents could be regenerated by suitable desorp-
tion processes for multiple use [12]. In addition, many desorp-
tion processes are of low maintenance cost, high efﬁciency, and
ease of operation [13]. Therefore, the adsorption process is
considered as one of the major suitable technique for heavy
metals removal from water/wastewater sources.
Currently, nanosized metal oxides (NMOs), including
nanosized ferric oxides, manganese oxides, aluminum oxides,
titanium oxides, magnesium oxides and cerium oxides, are
classiﬁed as promising adsorbents for heavy metal removal
from aqueous systems [14–17]. The size and shape of NMOs
are considered as the most inﬂuential factors with regard to
their adsorption performance. In the present work, systematic
laboratory investigations for the removal of Pb(II) ions from
aqueous solutions through adsorption by nano NiO, prepared
by two different precursors were performed for maximum Pb
ion removal.
2. Materials and methodology
2.1. Lead ion solution adsorbate
A stock solution of Pb(II) (1000 ppm) was prepared by dissolv-
ing the calculated quantity of Pb(NO3)2 for Pb(II) in deionized
water.
2.2. Nano NiO adsorbent
2.2.1. Preparation of NiO by precipitation method
The metal hydroxide is ﬁrstly prepared by the slow addition of
0.1 M NaOH to the same volume of 0.1 M Nickel nitrate solu-
tion with vigorous stirring. The produced hydroxide precipi-
tates are then ﬁltered and then dried at 100 C overnight.
The dried hydroxide was then calcined at 400 C for 2 h in
order to acquire the corresponding NiO catalyst designated
in the present work as (NiOppt).
2.2.2. Preparation of NiO by organic solvent method
Solution of 1 M oxalic acid, dissolved in ethanol, was added to
the same volume of 0.2 M nickel nitrate, dissolved also in etha-
nol solution, with vigorous stirring. The precipitate was then
washed with ethanol several times until the ﬁltrates become
colorless, then ﬁnally washed with acetone and dried at room
temperature. The product was then calcined at 400 C for 1 h
to acquire the corresponding NiO catalyst [18], designated in
the present work as (NiOorg).
2.3. Chemicals
All the chemicals were of analytical-reagent grade.2.3. Chemical and structural characterization apparatus
Perkin-Elmer 2380 atomic absorption spectrometer was used
for the determination of lead using a ﬂame type air/acetylene,
while FT-IR spectra were obtained by Perkin Elmer 1000 with
a resolution of 4 for the chemical identiﬁcation of reactants
and products. Philips 1390 X-ray powder diffractometer
was used for structural identiﬁcation and Quantachrome
Corporation Autosorb-1-C/MS was used for BET surface area
determination.
2.4. Adsorption experiments
Batch adsorption experiments of the lead ion adsorption by
nano NiOppt and NiOorg adsorbents were carried out at room
temperature by shaking a series of bottles each containing the
desired quantity of the adsorbent in a predetermined concen-
tration of heavy metal solution. Samples were withdrawn at
different time intervals; the supernatant was separated by ﬁl-
tration and analyzed for remaining heavy metal content. The
percent removal of heavy metal from solution was calculated
by the following equation:
%Adsorption ¼ Co  Ce
Co
 100
where; Co is initial concentration of heavy metal, Ce is ﬁnal
concentration of heavy metal.
2.5. Adsorption isotherms
The adsorption isotherm that describes the adsorption pattern
between the Pb adsorbed metal ions on the nano NiO adsor-
bent and the residual metal ions in the solution during the sur-
face adsorption was conducted. Equilibrium isotherms are
measured to determine the capacity of the adsorbent for metal
ions. The most common types of models describing this type of
system are the Langmuir and Freundlich models [19]. The
adsorption capacity qe (mg/g) after equilibrium was calculated
by a mass balance relationship equation as follows:
qe ¼ ðCo  CeÞ
V
W
where Co is the initial and Ce is the equilibrium concentra-
tions of the test solution (mg/L), V is the volume of the solu-
tion (L) and W is the mass of adsorbent (g).
2.5.1. Langmuir model
Langmuir adsorption model is based on the assumption that
the maximum adsorption corresponds to a saturated mono-
layer of solute molecules on the adsorbent surface. Langmuir
equation can be described by the linearized form [18],
1
qe
¼ 1
qmkL
 
:
1
Ce
 
þ 1
qm
where, Ce is the equilibrium concentration of metal ions in
solution (mg/L), qe is the amount of metal ion adsorbed on
adsorbents (mg/g), and qm and kL are the monolayer adsorp-
tion capacity (mg/g) and Langmuir equilibrium constant (L/mg)
which indicates the nature of adsorption, respectively. The
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1
qe
versus 1
Ce
gives a straight line of slope 1
qmkL
and the intercept
is 1
qm
which corresponds to complete monolayer coverage.
2.5.2. Freundlich model
Freundlich adsorption isotherm represents the relationship
between the amount of metal adsorbed per unit mass of the
adsorbent qe and the concentration of the metal in solution
at equilibrium. Freundlich equation can be described by the
linearized form [20];
log qe ¼ log kF þ
1
n
log Ce
where kf and n are Freundlich constants. The values of kF and
n were determined graphically. A plot of log qe versus log Ce
gives a straight line of slope 1
n
and the intercept is log kF.3. Results and discussion
3.1. Characteristics of adsorbing material
3.1.1. X-ray diffraction study (XRD)
Purity and crystalline structures of NiOppt and NiOorg nano-
particles were examined using powder X-ray diffraction
(XRD), results of which are presented in Figs. 1 and 2.
Fig. 1 indicates that the diffraction peaks are low and broad
due to the small size effect and incomplete inner structure of
the particle. The peak positions appearing at 2<theta>,
37.2, 43.22, 63.10, 75.20, and 79.39 can be readily indexed
as (101), (012), (110), (113), and (006) crystal planes of the
bulk NiO, respectively. All these diffraction peaks can be per-
fectly indexed to the face-centered cubic (FCC) crystalline
structure of NiO, not only in peak position, but also in their
relative intensity, which is in accordance with that of the stan-
dard spectrum (JCPDS, No. 04-0835). The XRD pattern
shows that the samples are single phase and noother impurity
distinct diffraction peak in addition to the characteristic peaks0 10 20 30 40
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Figure 1 X-ray diffraction of the sampleof FCC phase NiO. XRD patterns thus indicate highly pure
NiO nanoparticles [21,22].
3.1.2. FTIR analysis of the precursor
FTIR spectra of the precursor powder dried at 105 C for 6 h
are illustrated in Figs. 3 and 4 shown in transmittance percent-
age, several absorption peaks were observed. Figs. 3 and 4 of
FTIR spectra of NiO nanoparticles show several signiﬁcant
absorption peaks. The broad absorption band in the region
of 400–850 cm1 is assigned to Ni–O stretching vibration
mode; the broadness of the absorption band indicates that
the NiO powders are nanocrystals. Besides the Ni–O vibration,
it could be seen from the same ﬁgures that the broad
absorption band centered at 3357.9, 3347.4 cm1 is attributa-
ble to the band O–H stretching vibrations and the weak band
near 1621.8, 1616.6 cm1 assigned to H–O–H bending
vibration mode was also presented due to the adsorption of
water in air when FTIR sample disks were prepared in an open
air [23].
3.1.3. Thermo gravimetric analysis of the precursor
The thermal decomposition of the precursors from ambient
temperature to 1000 C under a nitrogen atmosphere is shown
in Fig. 5, both the thermogravimetry curves TGA (wt% loss)
and differential thermogravimetry curves, DTA, (%/C) are
given. The TGA curve indicates that the weight loss of precur-
sors has occurred from 40 to 360 C, suggesting that the pre-
cursors decomposed completely to become nickel oxide
below 360 C. Two distinct intervals of weight loss were
observed in the TGA curves, accompanied by two peaks of
the weight loss rate in the DTA curves. The ﬁrst peak of weight
loss rate located between 40 and 87 C may be attributed to the
thermal dehydration of the precursors and the evaporation of
the physically absorbed water, and the corresponding weight
loss was 9.2%. The second peak of weight loss rate located
between 263 and 356 C may be related to the decomposition
of nickel hydroxide in the precursors accompanying a weight
loss of 15.3%.50 60 70 80 90 100
NiO-ppt
 theta
prepared by the precipitation method.
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Figure 2 X-ray diffraction of the sample prepared by the organic solvent method.
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Figure 3 FTIR Spectra of nickel oxide catalyst prepared by the precipitation method.
30 A.M. Mahmoud et al.3.1.4. Surface and textural analyses
The N2 adsorption–desorption isotherms of the NiO prepared
by precipitation and organic method (NiOppt, NiOorg) catalysts
are shown in Fig. 6. It can be seen that, a near type II isotherm
with hysteresis loops, characteristic of macro porous materials
according to the IUPAC classiﬁcation was obtained. The tex-
tural properties of the two catalysts are summarized in Table 1.
It can be noted that the speciﬁc surface area and total pore vol-
ume of the NiOorg catalyst are larger than those of the NiOppt
catalyst. The high surface area of NiOorg catalyst than that of
NiOppt catalyst suggests that the organic method has aided to
form smaller particles of the active NiO species due to an
induced interaction through the preparation method
employed, which is indicated further from the average pore
size which is proved to be smaller for NiOorg than NiOppt,
Table 1 [24].3.2. Effect of contact time
The effect of the contact time of removal of Pb(II) ions by
NiOppt and NiOorg is shown in Fig. 7. The equilibrium was
attained after shaking for 120 min, which is considered as ade-
quate and economical for wastewater treatment plant applica-
tion [25]. According to these results, the agitation time was
ﬁxed at 2 h for the rest of the batch experiments to make sure
that equilibrium was attained [23].3.3. Effect of adsorbent mass
The effect of adsorbent quantity of removal of Pb(II) is pre-
sented in Fig. 8. The results indicate that the adsorption of
Pb ions increases with increasing NiO mass up to a certain
4000 3500 3000 2500 2000 1500 1000 500
60
80
100
NiO-org
%
Tr
an
sm
itt
an
ce
wave numbers(cm-1)
Figure 4 FTIR Spectra of nickel oxide catalyst prepared by the organic solvent method.
Figure 5 TG–DTA curves of the precursor.
Adsorption of Pb(II) ion by NiO-org catalyst 31value and then becomes almost constant. Therefore, the opti-
mum no quantities were selected from 0.025 g to 25 ml of
Pb(II) solution. It is apparent that the percent removal of
Pb(II) increases by the increase of the NiO concentration
due to the availability of the exchangeable active sites of the
NiO adsorbent particles [26,27].
3.4. Effect of initial concentration of heavy metal
The effect of initial concentration on the percentage removal
of Pb(II) by NiOppt and NiOorg is shown in Fig. 9. It can be
seen from the results that the percentage removal decreases
with the increase in initial concentration, where it is seen that
the adsorption of Pb(II) decreased gradually from 100% to29% for NiOppt and from 100% to 68% for NiOorg upon
increasing the Pb(II) concentration of 5 mg/L to 100 mg/L,
respectively. Sufﬁcient adsorption sites are available at lower
initial concentrations, but at higher concentrations metal ions
are greater than adsorption sites. Thus, it can be said that
removal of lead is concentration dependent using nano NiO
particles as previously reported [28,29].
3.5. Adsorption isotherms
The ﬁtted constants for Freundlich and Langmuir models
along with regression coefﬁcients are summarized in Table 2
conﬁgured from the graphic Figs. 10 and 11. As can be seen
from isotherms and regression coefﬁcients, the ﬁt is better with
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Figure 6 N2 isothermal adsorption and desorption proﬁles over NiO-org than NiO-ppt catalysts.
Table 1 Textural parameters of NiO-org and NiO-ppt
catalysts.
Textural parameters Catalysts
Ni-oxide (ppt.) Ni-oxide (org.)
Surface area, m2/g 72.505 128.330
Total pore volume, cc/g 0.364 0.431
Average pore size, A˚ 100.48 67.12
Average pore size, nm 10.05 6.71
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stant qm was 56.24297 mg/g and 21.54708 mg/g for Pb(II) ion
uptake by NiOorg and NiOppt, respectively. Such conclusion0 50 100
0
10
20
30
40
50
60
70
80
90
100
%
 A
ds
or
pt
io
n
tim
Figure 7 Effect of contact time on adsorption of Pb(II) (initial conc
initial pH of solution 5.8, temp., 298 K).indicates clearly the sorption limitation of the Pb ions by the
NiO particles and as evidences from sorption data.
3.6. Adsorption kinetics
Fig. 12, describes the rate of removal of Pb+2 ion as very fast
with its disappearance from the solution sharply in the ﬁrst
20 min. After 2hours, Pb+2 ion residual concentration was
about 3.57 and 27.9 ppm by NiOppt and NiOorg catalysts,
respectively indicating that NiOorg catalyst acquire relatively
large surface area (Table 1) and strong adsorption capacity
than NiOppt catalyst [30] (Fig. 13).150 200 250
e, min
 NiO-org
 NiO-ppt
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Figure 8 Effect of adsorbent quantity on Pb(II) removal for NiO (initial concentration 50 mg/L, initial pH of solution 5.8, contact time
120 min, temp 298 K).
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Figure 9 Effect of initial concentration on adsorption of Pb(II) (contact time 120 min., 0.025 g/25 mL solution, initial pH of solution 5.8,
temp., 298 K).
Table 2 Isotherm constants of Langmuir and Freundlich models for Pb(II) ions uptake by NiO-org and NiO-ppt.
Adsorbent Langmuir constants Freundlich constants
qm (mg/g) kL (L/mg) R
2 kF n R
2
NiO-org 56.24297 4.21327 0.9799 1.5355 0.646275 0.95136
NiO- ppt 21.54708 23.8 0.93683 1.258577 0.824436 0.92262
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Figure 10 Langmuir isotherm plot for adsorption of Pb(II) onto NiO.
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Figure 11 Freundlich isotherm plot for adsorption of Pb(II) onto NiO.
Figure 12 Concentration variation of Pb+2 ion with time.
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y = 0.0042x
R² = 0.9031
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Figure 13 Relationship between logarithmic plots of Pb+2 ion concentration versus time.
Adsorption of Pb(II) ion by NiO-org catalyst 35After 2 h of reaction the residual concentration of Pb+2 ion
in solution was below the detection limit, the logarithmic plots
of residual concentration of pb+2 ion in solutions versus time,
show good linear relationship and the correlation coefﬁcient
(R2) is larger than 0.9. It may be concluded that the rate of
Pb+2 ion concentration reduction by NiOppt and NiOorg cata-
lysts can be described by the pseudo ﬁrst-order reaction.
4. Conclusions
The present study shows that NiO-nanoparticles prepared by
the organic solvent method is more active than that prepared
by the precipitation method for removal of Pb(II) ions from
aqueous solutions. The adsorption process is a function of
the adsorbent and adsorbate concentrations and contact time.
Equilibrium was achieved practically in 2 h. Langmuir model
is found to be in a good agreement with experimental data
on adaptive behavior of Pb(II) ions on NiO. Nickel oxide is
then considered as a useful catalyst for the treatment of
wastewater containing lead.
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